A simple series hybrid power system composed of passive-type polymer electrolyte fuel cells（PEFCs）and electric double-layer capacitors was adapted to a lightweight electric vehicle. In order to numerically simulate the behavior of the hybrid system, a fuel cell equivalent circuit model was applied and the model parameters were determined using an electrochemical theory and experimental results. Including this PEFC equivalent circuit model, a simulation model of the power train system (PEFCs, capacitors, motor, power controller, inertia, etc) of a lightweight electric vehicle was composed. It has been confirmed that this simulation model can represent reasonably well the dynamic behavior and energy transmission of the system in the experiment on a fixed apparatus constructed as a model of the vehicle.
Introduction
In an aging society to come, the need of lightweight electric vehicles increases more and more. In the case of electric vehicles using batteries as a power source, there are problems such as short running distance per one charge and long time to charge them. As a power source of a lightweight electric vehicle, it is one of the best solutions at present to use polymer electrolyte fuel cells (PEFCs) fueled with hydrogen, because their emission is only water and the energy density and energy conversion efficiency of them are very high.
However, when the vehicle needs high electric power or sudden change of motive power, there is a possibility that sufficient electric power cannot be supplied to the vehicle from the power source composed of only PEFCs. Consequently, the authors intend to use a hybrid power system which is composed of PEFCs and electric double-layer capacitors with high efficiency and high power density as an electric accumulator to cope with high power or sudden power change and to improve the energy efficiency of the whole system by regeneration of kinetic energy when a vehicle decelerates.
It is necessary to contrive the method of supplying electric power from PEFCs and capacitors to a motor, because their characteristics are very different. The authors have devised an original method "Time-Splitting Method (TSM)" with regard to supply of electric power to a motor (1) . This TSM is applicable to both a series hybrid system and a parallel hybrid system. In a series hybrid system, electric power is supplied from PEFCs to capacitors and from capacitors to a motor alternately. On the contrary, in a parallel hybrid system, electric power is supplied from both of PEFCs and capacitors to a motor. In this study, the series hybrid system with passive-type PEFCs and electric double-layer capacitors for a lightweight vehicle is taken up as an object for modeling and simulation.
In general, it is not easy to select PEFCs and capacitors suitable for a lightweight electric vehicle in consideration of power and capacitance, respectively, and this selection needs a lot of trial and error experiments. Therefore, as an easier way, it is desirable to select PEFCs and capacitors by numerical simulation on the basis of a simulation model, which has to be composed for a hybrid system on a lightweight electric vehicle.
In this study, the simulation model of a passive-type PEFC is composed on the basis of Since the simulation model of a hybrid electric vehicle and its power control by TSM was already described in the authors' published paper (2) , they are described briefly in the next chapter. Table 1 shows the main symbols used in this paper. The other symbols are explained when they are referred. The total mass of the targeted electric wheelchair is assumed to be 110 kg (vehicle: 30 kg, driver: 60 kg, maximum loading weight: 20 kg), and the flywheel in the experimental apparatus has inertia equivalent to the total mass of the vehicle.
Only the friction of a driving axle in the experimental apparatus is assumed as a load in this study, though the generator shown at the right end in Fig.1 can generate a running load such as a rolling resistance. This friction load is expressed as Eq.1 according to the experimental result. The specifications of the PEFC and power control unit with TSM are described later.
(1)
PEFC
The unit of PEFC used in this study is a commercial passive-type PEFC fueled with hydrogen (PFC1212, rated voltage: 12 V, rated power: 12 W) manufactured by Daido Metal
Co., Ltd. and two units of the PEFCs are connected in series.
Since a passive-type PEFC does not employ any auxiliary devices such as air pumps, humidifiers, fuel and air flow controllers, and a temperature controller, the PEFC is favorable if the electric power required by the vehicle is relatively small and the space to
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install it is narrow. In this experiment, the gauge pressure of hydrogen in the fuel tank is 0.5 MPa and its pressure is reduced down to 0.17 MPa (gauge pressure) by a regulator for supplying to the PEFC units. Figure 2 shows the structure of a single cell of this PEFC unit.
In the cell, electrochemical reaction occurs at room temperature between hydrogen coming through the central hole of the cell and oxygen coming from outside air, and the electrolyte membrane in the MEA (Membrane Electrode Assembly) is humidified with water generated by the reaction. In one unit of the PEFC, twenty cells are stacked in series as a total. 
Power control by Time-Splitting Method
The Time-Splitting Method (TSM) is a method for easily controlling the power supply from an electric power source composed of passive-type PEFCs and capacitors to a motor, with a low-cost electric circuit (1) by making use of the merits that their electric power output response is good. In the case of the series hybrid system in this study, the motor is driven by the capacitors, and the PEFCs charge the capacitors as an on-site dynamo. Namely, one cycle of pulse-width modulation ( all t =84μm) is divided into one period (motor duty ratio m D ) for which the motor is driven by supplying the electric power from capacitors and the other period (PEFC duty ratio f D ) for which the capacitors are charged by the PEFCs. Figure 3 shows the concept of power supply control by TSM among the PEFCs, capacitors and motor in the series hybrid system. The motor duty ratio f D is defined by Eq.2, which expresses the ratio of the motor-driving period to the PWM period all t . Six transistors FET1 (power MOSFET) in the inverter circuit shown in Fig.3 Fig.3 . The coefficient f α is defined by Eq.4, which is decided by both the electric power required to charge the capacitors and the ability of electric power supply from the PEFCs. 
Modeling of a PEFC
This chapter describes the simulation model of the passive-type PEFC for applying it to the simulation model of the whole hybrid system which is described in the next chapter.
In this study, a PEFC equivalent circuit model is employed for modeling the PEFC. The model parameters are determined on the basis of an electrochemical theory and by using the PEFC transient characteristic measured by experiment.
PEFC equivalent circuit
In this study, two units of passive-type PEFCs connected in series are used. One unit is composed of 20 cells stacked in series as mentioned before. As shown in Fig.4 , the equivalent circuit of the one unit can be expressed by means of a direct-current power source with electromotive force f E , a capacitor with electrostatic capacity b C , a reactive resistance b R and an electrolyte resistance f R (membrane resistance plus various contact 2007 resistances). The impedance f Z of the PEFC equivalent circuit at frequency f is expressed by Eq.5, where ex R in the circuit is an external resistance which represents a load.
（5）

Fig. 4 Equivalent circuit of a PEFC unit
Determination of the circuit parameters on the basis of an electrochemical theory
The following electrochemical theory (3) is adopted to determine the parameters in the above-mentioned PEFC equivalent circuit and to give generality for the values of these parameters.
The PEFC terminal voltage f V is obtained from Eq.6. Here, the number of cells per one unit is n ( n =20 in this study). The open circuit voltage of one cell, f e (= n E f / ), is obtained from Eqs. A solid line in Fig.5(a) shows the f I -f V curve of the PEFC equivalent circuit calculated by substituting Eqs.(7)-(10) for Eq.(6) and using the physical constants shown in Table 2 and the constants in the PEFC electrochemical model shown in In addition, the value of impedance at direct current ( f =0) can be expressed as Eq. (11) As a result, the reaction resistance at direct current, b R , can be expressed as Eq.(12) which is derived from Eq.(11). τ . Here, f R is set at a constant value 2.65Ω obtained in the preceding section. Since b R is nearly constant unless the electric current is too small or too large, b R is assumed to be a constant value 0.5Ω. Figure 6 shows the temporal variation of the PEFC voltage f V measured with an oscilloscope when the PEFC circuit changes instantaneously from an open circuit to a closed circuit (its external load is a resistor).
（12）
（13）
The measured value of electrical time constant b τ was 16.0 msec with the external load resistance ex R of 10Ω. By substituting b τ =16.0 msec, ex R =10Ω, f R =2.65Ω, b R =0.5 Ω for Eq.(13), the value of capacitance element b C became 33.3mF. In the simulation model of the entire hybrid system, which will be described in the following chapter, it is decided to use the parameters obtained here for the PEFC part. 
Conclusions
